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We present experimental and theoretical analysis of quantum fluctuation in a vacuum field in the
presence of orthogonal linearly polarized pump field propagating through a Rb vapor cell. Previ-
ously reported theoretical and experimental studies provided somewhat contradictory conclusions
regarding the possibility to observe the “squeezed vacuum” – the reduction of vacuum fluctuations
below standard quantum limit – in this system. Here, using the D1 transitions of Rb in a cell
without buffer as as an example, we demonstrate that vacuum squeezing is corrupted by incoher-
ent processes (such as spontaneous emission, elastic scattering, etc.), and its observation is only
possible in a specific small region of the experimental parameter space. Numerical simulations, in
good agreement with the experiment, demonstrate that the two excited state hyperfine levels play
a crucial role in the squeezing and excess noise production. The significant influence of far-detuned
atoms on the field fluctuations at low noise frequencies imposes the explicit consideration of the full
velocity distribution of the atomic vapor.
PACS numbers:
As a consequence of Quantum Mechanics, any optical
measurement that uses coherent light is fundamentally
shot-noise limited. Not surprisingly, there is a lot of in-
terest in ways to reduce the measurement noise beyond
this limit using the so-called “squeezed” states of light [1].
The two orthogonal quadratures of the electromagnetic
field are continuous variables that quantum-mechanically
correspond to the non-commuting quadrature operators
S± [1, 2]. The Heisenberg uncertainty principle dic-
tates that the variances of the two quadratures obey:
〈∆S+〉
2〈∆S−〉
2 ≥ ~2/4. For an optical field in a co-
herent state, the fluctuation spectra of both quadratures
are equal and correspond to the minimum allowed un-
certainty. This minimum level of fluctuations, that is
the same for a vacuum field, is often called the “stan-
dard quantum limit” (SQL). However, fluctuations in
one of the quadratures may drop below the SQL as long
as fluctuations in the other quadrature increase to com-
pensate - this is the characteristic property of squeezed
light. Squeezed light states are very fragile since optical
losses and incoherent fluctuations added to the squeezed
quadrature reduce the amount of squeezing.
One of the most common ways to produce squeezed
light relies on parametric down conversion [1]. In this
process one pump photon is converted to a pair of pho-
tons of lower frequency. Due to conservation laws the
frequency and momenta of the generated photons are
strongly correlated. While this method became a stan-
dard tool in nonlinear and quantum optics, it remains
relatively complicated and expensive. It is particularly
challenging for generation of squeezed light in near-IR
spectral region for atomic physics applications, even
though significant progress has been made in the recent
years [3, 4, 5, 6].
Recently, several research groups [7, 8, 9, 10, 11] ex-
plored another method for generation of squeezed vac-
uum that is based on the rotation of elliptically polarized
light as a result of propagation through an isotropic opti-
cal material (when no external electric or magnetic field
present). Such polarization self-rotation (PSR) is a non-
linear optical effect that occurs in many optical media,
but it is particularly strong near resonant optical transi-
tions in alkali metal atoms, where even a small difference
in resonant frequency due to different AC-Stark shifts of
two circular components produces detectable variation in
their relative refractive index [12, 13, 14]. Classically the
PSR disappears for linearly polarized light; however, on
the quantum level the effect persists, changing the statis-
tics of the vacuum field in the orthogonal polarization
via cross-phase modulation between two initially inde-
pendent circular components. This results in quadrature
vacuum squeezing (VS) in the orthogonal polarization
at the medium output [14, 15]. The advantages of this
method are the relative simplicity of the experimental ap-
paratus (Fig. 1(a)) and the fact that the squeezed vacuum
is automatically generated at frequencies corresponding
to atomic transitions.
The nonlinear light-atom interaction leading to VS via
PSR corresponds (to the lowest order) to a four-photon
parametric process involving the absorption of two pho-
tons of the linearly polarized pump field and the (corre-
lated) emission of two photons symmetrically detuned
from the pump field by the observed noise frequency
(noise sidebands) with orthogonal polarization. This pic-
ture is particularly useful to address the spectral prop-
erties of the transmitted field noise in connection to the
atomic level structure. The simplest level scheme where
such a process can take place is the four level configura-
tion shown in Fig. 1(b). In this system, a linearly polar-
ized pump field couples two (Zeeman) ground states |±〉
with two different excited states |e1,2〉. The other two
transitions from ground to excited states correspond to
the orthogonal polarization. Because of the difference in
coupling and detuning of the two driven optical transi-
2tions, the energies of the ground states |±〉 can be slightly
different as a consequence of differential AC Stark shifts.
The vacuum fluctuations, in the orthogonal polarization,
at a frequency corresponding to the ground state energy
splitting, are in two-photon resonance. Under this condi-
tion, the parametric four-wave process can efficiently pro-
duce phase-dependent correlation between the noise side-
bands leading to the possibility of squeezing. The side-
band bandwidth for potential vacuum squeezing is deter-
mined by the decoherence rate of the ground states which
depends on the intensity and frequency of the pump field
and on the instrumental limitations for the ground-state
lifetime. An important characteristic of this configura-
tion is the absence of any “trap” state for atomic pop-
ulation. Without the far-detuned excited state |e2〉, the
parametric process would be impossible due to trapping
of atoms in state |−〉 due to optical pumping. The pres-
ence of the fourth level allows the “recycling” of popula-
tion. In addition, the asymmetry of the two transitions in
terms of Rabi frequency and detuning results in different
AC Stark shifts of the ground states, potentially allow-
ing for the efficient correlation between noise sidebands
at low frequencies.
A few recent experiments reported observation of VS
via PSR squeezing on different transitions in Rb [7, 8].
However, the amount of observed squeezing was signif-
icantly smaller than predicted, and some experimental
efforts failed to observe any squeezing at all [9, 10].
All these measurements were degraded by excess noise
caused by interaction of light and atoms, which was not
accounted for in the original theory. In this manuscript
we present experimental and theoretical study of the
noise quadratures of light in PSR squeezing configura-
tion after its propagation through the cell, and analyze
their dependencies on atomic density, laser power and
detuning.
Experimental Setup. The schematic of the experi-
ment is shown in Fig. 1(a). A commercial Vortex exter-
nal cavity diode laser (≈ 7 mW total power) served as
a master laser for injection-locked high-power slave laser
diode, increasing laser power at the cell up to ≈ 40 mW.
No additional noise associated with the locking process
was observed. The laser was tuned across the Rb D1 line
52S1/2 → 5
2P1/2 (λ ≃ 795 nm). Before entering the cell
the laser beam passed through a high quality Glan polar-
izer (GP) to purify its linear polarization. A half-wave
plate (λ/2) placed before the input polarization beam
splitter allowed for smooth adjustments of the pump field
intensity. A pair of lenses L focused the laser beam in-
side a cylindrical Pyrex cell with the estimated minimum
laser beam diameter inside the cell of 0.175± 0.015 mm
FWHM. The cell contained isotopically enriched 87Rb va-
por, its length and diameter were correspondingly 75 mm
and 22 mm, and its windows were tilted at about 10◦ to
prevent backward reflections. The cell was mounted in-
side a three-layer magnetic shielding to minimize stray
magnetic fields, and the Rb vapor density was controlled
by changing the temperature of the cell using a resistive
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FIG. 1: (a) Schematic of the experimental setup (see the text
for details). (b) Simplified four-level scheme used to explain
the vacuum squeezing via PSR. (c) Example of the detected
quadrature noise (i) dependence on the relative local oscillator
phase (controlled by PZT scanning of the mirror); shot noise
(ii) and technical noise of the spectrum analyzer (iii) are also
shown. The data is taken at 1.36 MHz sideband frequency
(RBW=100kHz, VBW=30Hz). The laser frequency is near
F = 2 → F ′ = 2, and the temperature of the cell is 59◦C
(N = 2.3 · 1011 cm−3).
heater wrapped around the innermost magnetic shield.
After the cell the electromagnetic field in orthogonal
polarization (hereafter designated as vacuum field) was
separated on a polarizing beam splitter (PBS), and its
noise properties were analyzed using homodyne detec-
tion. The transmitted pump field played the role of a lo-
cal oscillator (LO), which was attenuated and brought to
the same polarization as the vacuum field using another
Glan polarizer and a half wave plate combo. We then
mixed these two fields at a 50/50 non-polarizing beam
splitter(NPBS), and directed the resulting two beams to
a home-made balanced photodetector (BPD) with a tran-
simpedance gain of 104 V/A, 1 MHz 3 dB bandwidth and
electronic noise floor located at 6 dB below shot noise at
low frequencies. The BPD incorporated two matched
Hamamatsu S5106 photodiodes with quantum efficiency
η = 87% and a low noise high bandwidth TI OPA842
operational amplifier.
Experimental investigation of vacuum squeez-
ing. Fig. 1(c) shows typical dependence of the detected
noise power on the LO relative phase controlled by a mir-
ror placed on a piezo-ceramic transducer (PZT). As the
LO phase is scanned, the measured noise signal oscillates
between minimum and maximum values corresponding to
the detection of the quadrature with reduced or increased
noise. One can see that the minimum value of noise falls
below the shot noise limit, indicating that we have suc-
cessfully produced squeezed vacuum. The level of shot
noise was determined by blocking the squeezed vacuum
input to the NPBS. However, one can also immediately
see that this is not a minimum-uncertainty state, since
the maximum noise power exceeds the shot noise limit
3by a significantly larger amount than the reduction of
the minimum noise below this limit.
Fig. 2(a) shows both minimum and maximum values
of the noise quadrature as the laser frequency is tuned
across all four atomic transitions of the 87Rb D1 line. For
each measurement the phase of the local oscillator was
locked to the corresponding extremum at 1.2 MHz by
noise-locking technique [16] with 1 kHz dither frequency.
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FIG. 2: (a) Experimental dependence of squeezed and anti-
squeezed noise quadratures at 1.2 MHz on laser detuning
as the laser frequency is scanned across all four transitions
of 87Rb D1 line. (b) and (c) Theoretically calculated noise
quadrature spectra for noise frequency δ = 0.2Γ with and
without Doppler averaging, correspondingly. For stationary
atoms (no Doppler broadening, (b))we used the following pa-
rameters: the Rabi frequency Ωf = 30Γ, ground state coher-
ence decay rate γ0 = 0.01Γ, and the cooperativity parameter
C = 100. Same Ωf = 30Γ and γ0 = 0.01γ were used for mov-
ing atoms ((b)), although the cooperativity parameters was
increased to C = 1000 to take into account distribution of
atoms in different velocity groups (see discussion in the text).
It is easy to see that there is a large difference be-
tween the maximum and minimum noise quadrature val-
ues, showing that the detected noise indeed depends on
the phase of the local oscillator. However, even the min-
imum quadrature falls below the shot noise limit only in
a few small regions of laser frequency, and for the rest
it exceeds this limit, sometimes by several dB. This ex-
cess noise results from the interaction of pump light with
atoms. The existence of this excess noise complicates the
observation of squeezing, since now to suppress the value
of noise quadrature below the shot noise limit, the reduc-
tion of noise via PSR must overcome the additional noise
due to interaction with atoms.
To study the balance between the squeezing via PSR
and the atomic excess noise we have fixed the laser near
F = 2 → F ′ = 2 transition, and then measure the mini-
mum and maximum values of noise quadrature in a range
of laser powers and atomic densities. The resulting de-
pendence is shown in Fig. 3.
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FIG. 3: Experimentally measured minimum (a) and maxi-
mum (b) values of the noise quadrature relative to shot noise
(in dB) as functions of laser power and atomic density. The
laser frequency is fixed at the F = 2 → F ′ = 2 transition,
and the detection frequency is 1.2 MHz. Red circles indicates
the experimental points with gradient extrapolation between
these points. The white contour in (a) shows the parameter
range where the minimum quadrature was lower than the shot
noise.
The measurements show that at very low atomic den-
sity the difference between the minimum and maximum
values of noise quadrature is small, but it grows mono-
tonically with atomic density. However, the excess noise
grows as well, and as a result squeezing occurs only in
the narrow range of fairly low atomic densities. For
higher densities even the minimum noise increases above
the shot noise, reaching up to 4 − 6 dB of excess noise.
Changes in the laser power produce similar behavior: for
very low pump powers there is no squeezing, probably
due to resonant absorption, the noise reaches its min-
imum in an intermediate power range, and then it in-
creases again at higher powers.
Fig. 3(a) shows that for our experimental parameters
VS occurs in a very small “island” of the parameter
space, and only excess noise is measured elsewhere.
This may explain the inconsistency between earlier
experimental works [7, 8, 9, 10], since it is not hard
to miss the optimal conditions for squeezing detection.
We also noticed that the observation is quite sensitive
to various experimental settings: for example, small
longitudinal displacement of the laser focus inside
the cell has changed the position of the “squeezing is-
land” in the laser power/atomic density parameter plane.
Numerical simulations of quantum noise. The
numerical simulations presented below are a direct ex-
tension of the procedure described in [11]. This model
was developed for the calculation of the quadrature de-
pendent noise power spectrum of two orthogonal po-
larizations of light traversing an atomic medium taking
into account the complete Zeeman-sublevel structure of a
4given two-level atomic transition. The atomic medium is
characterized by the cooperativity parameter C = Nη
2L
cΓ
where N is the number of atoms, L the sample length,
c the speed of light in vacuum, Γ the excited state de-
cay rate and η the characteristic atom-field coupling con-
stant (half the single photon reduced Rabi frequency). In
this calculation, the evolution of the operators describ-
ing the field and the atomic medium is described through
Heisenberg-Langevin equations [17] thus explicitly taking
into account quantum fluctuations of the atomic variables
which are the source of excess noise [10, 11].
Previous work [11] focused on the quantum noise of
light interacting with an individual hyperfine transition.
Although spectral features corresponding to VS were pre-
dicted for some transitions, the results of these simula-
tions differ significantly from the experimental observa-
tions reported here. A clear example of this difference is
given by the fact such calculations predict no squeezing
at the F = 1 → F ′ = 1 transition where squeezing is
observed to be present (See Fig. 2). The origin of this
discrepancy is in the oversimplification of the atomic level
structure. We show in the following that the complete
excited state hyperfine structure is essential for an ac-
curate quantitative description of the light-atom interac-
tion [13]. In consequence, we have extended the previous
calculations [11] to include a realistic description of the
87Rb D1 line by including both transitions from a given
ground state hyperfine level to the two excited state hy-
perfine levels (including the complete Zeeman substruc-
ture). The amplitude of the field is given by the reduced
Rabi frequency Ωf of the fine transition 5S1/2 → 5P1/2.
The key role played by off resonant excited state hy-
perfine transitions is clearly illustrated in Fig. 4 where
both noise quadratures are shown for a pump field tuned
at the F = 1 → F ′ = 1 transition. No squeezing is
predicted when each individual transition is considered
separately. However, a significant amount of squeezing,
in agreement with our experimental observations, is pre-
dicted at low noise frequencies when both transitions are
simultaneously taken into account.
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FIG. 4: Maximum (i) and minimum (ii) noise quadrature for
the laser tuned to the F = 1 → F ′ = 1 transition, if (a)
complete excited state hyperfine structure is included into
the calculations, and individual contributions of the F = 1→
F ′ = 2(b) and F = 1 → F ′ = 1(c) transitions alone. (C =
100, Ωf = 10Γ, γ = 0.001Γ, Γ = 2pi × 6MHz.)
The calculated noise power at noise frequency δ = 0.2Γ
(≈ 1.2 MHz) on both the squeezed and anti-squeezed
quadratures of the transmitted vacuum field as a function
of laser detuning is presented in Fig. 2(b) for a homoge-
neous ensemble of atoms at rest (cold atoms). Squeezing
is present around the F = 2→ F ′ = 1, F = 2→ F ′ = 2
and F = 1 → F ′ = 1 transitions. Almost no squeezing
is observed around the F = 1 → F ′ = 2 transition. An
interesting feature of this plot concerns the sharp struc-
tures observed both on the squeezed and anti-squeezed
noise spectra. As the optical detuning of the laser field
is changed, the differential AC Stark shifts of the ground
state Zeeman sublevels varies. For specific detunings and
light intensities, the energy difference between AC Stark
shifted sublevels is brought into resonance with the ob-
served noise frequency giving rise to significant enhance-
ment of the squeezing and excess noise. The width of
the narrow structures is monotonically dependent on the
ground state decoherence rate.
As observed in Fig. 2(b), even atoms largely detuned
from the optical resonance can significantly contribute to
the squeezing and excess noise spectra. In consequence,
the accurate comparison with experimental results ob-
tained in a vacuum cell, necessarily requires the consid-
eration of the full atomic velocity distribution. We have
numerically integrated the velocity dependent contribu-
tions of all atoms in the Doppler profile following the
procedure described in [11]. The results are presented
in Fig. 2c. For this calculation we have used the same
parameters as for Fig. 2b except for the cooperativity
parameter that was increased to C = 1000 in order to
maintain a significant number of atoms for each velocity
class. As expected, the spectral features are smoothed
and broadened and a significant reduction of the squeez-
ing is observed in comparison with Fig. 2b. Considering
that no fine tuning of the parameters was intended, the
overall agreement between the experimental observation
and the numerical simulation is quite satisfactory.
The contribution of far detuned atoms to the vacuum
fluctuations depending on the noise frequency δ is illus-
trated in Fig. 5(a) where the squeezed and anti-squeezed
quadratures are calculated for atoms at rest (C = 100,
Ωf = 10Γ, γ = 0.001Γ) for two different noise frequen-
cies δ = 0 and δ = 0.2Γ. Notice the large contribution to
the noise at zero frequency arising from atoms largely off
resonance. We interpret the broad range of excess noise
to resonant, nearly elastic scattering of photons from the
pump field polarization into the orthogonal polarization.
The experimentally measured noise spectrum plotted in
Fig. 5(b) shows a similar trend.
Outlook and conclusions. Both theory and exper-
iment agree that the excess noise resulting from light-
atom interaction seriously limits the overall quantum
noise suppression. Thus, to improve the performance
of the PSR squeezing, it is crucial to identify ways to
minimize the excess noise. For example, our numeri-
cal simulations with no Doppler broadening predict that
vacuum squeezing can be improved by switching to cold
atoms (see Fig. 2). Another option for improvement is
to reduce the ground state relaxation rate by adding a
small amount of a buffer gas to the Rb cell. While the
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FIG. 5: (a) Calculated minimum and maximum noise power
as a function of the laser detuning for noise sideband frequen-
cies δ = 0 and δ = 0.2Γ (C = 100, Ωf = 10Γ, γ = 0.001Γ, no
Doppler average). (b) Experimentally measured maximum
noise of the anti-squeezed quadrature relative to shot noise
(in dB) as a function of the sideband frequency and laser de-
tuning.
amount of self-rotation does not depend on ground-state
coherence [15], smaller absorption should improve the
observed squeezing. The highest squeezing to date was
measured in a cell with 5 Torr of Ne buffer gas with the
laser tuned near the F = 2 → F ′ = 1 transition (see
Figure 6). While there is a clear improvement in the
squeezing performance when the buffer gas pressure is
relatively low (≤ 5 Torr), there should exist an optimal
pressure. In the high-pressure limit the interaction of
atoms with both excited states reduces the transparency,
and can even lead to enhanced absorption [18].
In conclusion we present the experimental and theo-
retical analysis on noise characteristics of vacuum field
propagating through the resonant atomic vapor under
PSR conditions. We have found that even though it is
possible to reduce the minimum quadrature noise below
the standard quantum limit, the interaction of pump field
with atoms adds some extra noise to the vacuum field,
and makes the observation of squeezing possible only in
a very narrow parameter space. The experimental obser-
vations are in very good agreement with the numerical
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FIG. 6: Minimum quadrature noise vs sideband frequency
for different pump power in the vapor cell containing 87Rb
and 5 Torr of Ne buffer gas. Shot noise corresponds to 0 dB.
Laser frequency is set to the optimum squeezing point near
F = 1 → F ′ = 2, and the temperature of the cell is 69◦C
(N = 5.1 · 1011 cm−3). Extra noise peaks at 700 and 1600
kHz are due to environmental noise.
simulations, in which the exact energy level structure and
the Doppler effect due to atomic thermal motion were
taken into account.
This research was supported by NSF grants PHY-
0758010 and PHY-0755262 (REU), Jeffress Research
grant J-847, the College of William & Mary, CSIC,
PEDECIBA, and Fondo Clemente Estable.
[1] Bachor, H.A.; Ralph, T.C. A Guide to Experiments in
Quantum Optics; Wiley-VCH: Berlin, 2004.
[2] Scully, M.O.; Zubairy, M.S. Quantum Optics. Cambridge
University Press: Cambridge, 1997.
[3] He´tet, G.; Glo¨ckl, O.; Pilypas, K.A.; Harb, C.C.; Buchler,
B.C.; Bachor, H.A.; Lam, P.K. J. Phys. B 2007, 40, 221–
226.
[4] Akamatsu, D.; Yokoi, Y.; Arikawa, M.; Nagatsuka, S.;
Tanimura, T.; Furusawa, A.; Kozuma M. Phys. Rev. Lett.
2007, 99, 153602.
[5] Appel, J.; Figueroa, E.; Korystov, D.; Lobino, M.;
Lvovsky A.I. Phys. Rev. Lett. 2008, 100, 093602.
[6] Honda, K.; Akamatsu, D.; Arikawa, M.; Yokoi, Y.; Akiba,
K.; et al. Phys. Rev. Lett. 2008, 100, 093601.
[7] Ries, J.; Brezger, B.; Lvovsky, A.I. Phys. Rev. A 2003,
68, 025801.
[8] Mikhailov, E.E.; Novikova, I. Opt. Lett. 2008, 33 (11),
1213–1215.
[9] Zibrov, A.S.; Novikova, I. JETP Lett. 2005, 82, 110–114.
[10] Hsu, M.T.L.; Hetet, G.; Peng, A.; Harb, C.C.; Bachor,
H.A.; et al. Phys. Rev. A 2006, 73, 023806.
[11] Lezama, A.; Valente, P.; Failache, H.; Martinelli, M.;
Nussenzveig P. Phys. Rev. A 2008, 77, 013806.
[12] Novikova, I.; Matsko, A.B.; Sautenkov, V.A.; Velichan-
sky, V.L.; Welch, G.R.; Scully, M.O. Opt. Lett. 2000, 25,
1651–1653.
6[13] Rochester, S.M.; Hsiung, D.S.; Budker, D.; Chiao, R.Y.;
Kimball, D.F.; Yashchuk, V.V. Phys. Rev. A 2001, 63,
043814.
[14] Novikova, I.; Matsko, A.B.; Welch, G.R. J. Mod. Opt.
2002, 49 (14), 2565–2581.
[15] Matsko, A.B.; Novikova, I.; Welch, G.R.; Budker, D.;
Kimball, D.F.; Rochester, S.M. Phys. Rev. A 2002, 66,
043815.
[16] McKenzie, K.; Mikhailov, E.E.; Goda, K.; Lam, P.K.;
et al. J. of Opt. B 2005, 7, S421–S428.
[17] Cohen-Tannoudji, C.; Dupont-Roc, J.; Grynberg, G.
Atom-Photon Interaction. Basic Process and Applications.
John Wiley & Sons, Inc.: New York, 1992.
[18] Novikova, I.; Matsko, A.B.; Welch, G.R. J. Opt. Soc.
Am. B 2005, 22, 44–56.
